that localization is critical to PKD1's function. geting and maintaining PKD1 at the plasma mem-PKD1's domain structure is unlike that of any other brane. C1A achieves fast, maximal, and reversible protein kinase. PKD1 contains a complex regulatory dotranslocation, while C1B translocates partially, but main and a catalytic domain ( Figure 1A ). The regulatory persistently, to the plasma membrane. The persistent domain contains an N-terminal alanine/proline-rich varilocalization requires the C1B domain of PKD1, which able region (V1) and two C1 domains (C1A and C1B) binds G␣q. We incorporate the kinetics of PKD1 transanalogous to similar domains in the PKC family. Howlocation into a three-state model that suggests how ever, PKD-C1B differs from the C1 consensus profile PKD1 binding to DAG and G␣q uniquely encodes fre- 
G protein ␤␥ subunit (Jamora et al., 1999). Finally, the
Here we investigate the mechanism by which G␣q receptor stimulation initiates the long-term translocation PKD1-PH domain also appears to be required for the nuclear export of PKD1 (Rey et al., 2001 ).
of PKD1 to the plasma membrane. Our results show that only the membrane-associated PKD1 is catalytically To answer the question of how PKD1 translocation active and that its activation is a multistep process. First, correlates to kinase activation, we immunoprecipitated in response to DAG production, PKD1 is targeted to PKD1-GFP from HM1 cells, unstimulated and 15, 30, and the plasma membrane via its C1A domain. Membrane-60 min after carbachol stimulation. Catalytically active associated PKD1 binds to GTP-G␣q via its C1B and V1 PKD1 was detected with an anti-phospho PKD1 (Ser916) domains and remains at the membrane, even after the antibody that detects only the active form of the kinase DAG levels return to baseline. In this state PKD1 is ac-(Matthews et al., 1999). Equal amounts of immunopretive. The unique combination of a transient DAG signal cipitated PKD1-GFP were detected either with a GFPand binding to G␣q allows PKD1 to translate a short specific antibody or with the phospho-PKD1-specific hormonal stimulus into a long-lasting cellular response.
antibody. Our results show that PKD1 becomes actiAs a consequence, periodic hormonal signals that stimvated in response to stimulation of the M1 receptor and ulate the cell at time intervals shorter than 1000 s will remains active for longer than 60 min ( Figure 1E ). We be integrated by PKD, while signals that occur at time conclude that the persistent translocation of PKD1 to intervals longer than 1000 s will be decoded by PKD1 the plasma membrane in response to G␣q receptor stimas independent signals.
ulation is tightly correlated with persistent kinase activation.
Results
The intensity of fluorescence within individual cells was quantitated and normalized as shown in Figure Figure 2B . The most striking difference measured HEK cells stably transfected with the G␣q-linked muscabetween these three molecules was the persistence of rinic type 1 receptor (HM1) (Peralta et al., 1988). Using PKD1-GFP at the plasma membrane. Moreover, the rate GFP-tagged PKD1, we sought to determine the time for PKD1 translocation to the membrane was much course of PKD1 translocation from the cytosol to the slower than that for the two PKC isoforms ( Figure 2B ; plasma membrane and back into the cytosol. We also t 1/2 ϭ 54.0 Ϯ 12.5 s, n ϭ 12 for PKD1; t 1/2 ϭ 15.4 Ϯ 2.6 s, investigated the relationship between translocation and n ϭ 8 for PKC; and t 1/2 ϭ 11.60 Ϯ 1.6 s, n ϭ 15 for activation of the kinase. As shown previously, the GFP PKC␤). These rate differences could reflect the relative tag does not interfere with DAG binding or the catalytic speeds and complexities of the protein conformational activity of the kinase (Matthews et al., 2000) . changes required for translocation or simply the differBefore stimulation, the fluorescent PKD1-GFP protein ences in their binding affinities for DAG. For PKD1, phoswas primarily cytosolic, with a small fraction localized phorylation of two sites in the activation loop (Waldron to intracellular structures. After M1 receptor activation, et al., 2001) might initiate a conformational change necthe amount of fluorescence translocated from cytosol essary for DAG binding. Alternatively, its unique regto the plasma membrane increased gradually to a plaulatory (V1) domain may undergo rearrangement. To teau in ‫004ف‬ s ( Figure 1B ). As shown in Figure 1D , determine the relative role of these domains in the transtranslocation persisted for more than 90 min. A similar location process, we constructed PKD1s with truncated time course of PKD1 translocation was observed after individual or tandem domains. stimulation of endogenous G␣q-linked purinergic recepDeletion and truncation mutants of PKD1 are sumtors in HEK cells, histamine receptors in HeLa cells, marized in Figure 2C . The translocation of expressed and PAF receptors transfected into HEK cells (data not mutant PKD1-GFPs was monitored after carbachol adshown). PKD1-GFP translocation was not detected after dition. The mutant lacking the V1 domain (PKD⌬V1) stimulation of G␣i-coupled M2 or FMLP receptors in translocated to the plasma membrane slightly faster HEK cells (data not shown).
than wild-type (wt) PKD1 (t 1/2 ϭ 34.1 Ϯ 9.5 s; n ϭ 15). We first compared PKD1 and PKC translocation in a Unlike that of wt PKD1, PKD⌬V1's translocation was model system. PKC was used because it is a Ca 2ϩ -slowly reversible. Further truncation of the C1 2 domain of independent PKC isoform containing a DAG binding C1 2 PKD1 abrogated translocation to the plasma membrane, domain, and, like PKD, translocates in response to G␣q suggesting that the C1 2 domain is necessary for recepreceptor stimulation. PKC-GFP translocation was detor-induced PKD1 translocation. tected in response to the same carbachol stimulus proTo determine whether DAG binding to the C1 2 domain tocol used for PKD1-GFP. Unlike PKD1-GFP translocawas not only necessary, but also sufficient, for PKD1 tion, PKC-GFP translocation was transient, reaching a translocation, we bypassed the muscarinic receptor to peak in ‫05ف‬ s and reversing within 400 s ( Figure 1C) same overall temporal characteristics ( Figure 3A ). The were present. No measurable translocation was detected for the flanking regions alone or for the GFPdose-response curves for PKD1 and PKC were indistinguishable ( Figure 3B ), suggesting that the two protagged PH domain of PKD1 in response to receptor activation. These experiments suggest that the domains teins had similar DAG affinities.
We determined the time course (t 1/2 ) of translocation flanking C1A and C1B may play a role in stabilizing PKD1's binding to the plasma membrane. of PKD1 and PKC as a function of carbachol concentration ( Figure 3C ). Unlike the amplitude of the translocation Carbachol stimulation of HM1 cells expressing C1A-GFP ( Figure 4A ) induced maximal C1A translocation to response, the half-time (t 1/2 ) for PKC and PKD1 remained constant and distinct with increasing concentrathe plasma membrane after 20 s. Surprisingly, this translocation was fully reversible in less than 300 s. In contrast tions of carbachol. Taken together, these results suggested that DAG was not the only factor involved in the to C1A, C1B-GFP was only partially translocated to the plasma membrane after 100 s, and its translocation perpersistence of PKD1 localization to the plasma membrane.
sisted for more than 300 s ( Figure 4B ). To compare the translocation amplitude and kinetics of the two C1 domains, we plotted the averaged plasma The C1A and C1B Domains of PKD1 Have Distinct Functional Roles membrane translocation in response to carbachol (normalized to subsequent PDBu-induced translocation; PKD1's C1 2 domain differs from conventional and novel PKCs in the length of the linker (V2 domain) between Figure 4C ). The C1A-containing mutant translocated rapidly, reaching 66% of the maximal response by 20 the two C1 domains ( Figure 1A) . In contrast to conventional and novel PKCs with only 15 or 22 amino acids s, and fully reversed within 300 s. In contrast, the C1B-containing mutant reached only 16% of the maximal linking the C1 domains, PKD1 has a V2 domain containing 82 amino acids. This longer and more flexible amplitude and did not reverse in up to 300 s. One interpretation of this result is that the C1A domain targets linker might allow the two C1 domains to act as separate modules and to serve different roles in PKD1's function.
PKD1 to the plasma membrane, while C1B maintains PKD1 at the plasma membrane. To test the role of the individual C1 domains in the translocation of PKD, we GFP-tagged truncated muTo test the hypothesis that the two C1 domains have distinct functional roles, we constructed a chimeric form tants containing the C1A domain or the C1B domain. When GFP fusion proteins of the C1A or C1B domains of PKD1 in which the C1B domain was replaced by a second C1A domain (PKD(2ϫC1A)-GFP). When exalone were expressed in HM1 cells, no translocation was observed in response to receptor activation or to pressed in HM1 cells, PKD(2ϫC1A)-GFP had the same distribution as wt PKD1-GFP (data not shown). But, unphorbol ester. However, the C1A and C1B domains translocated when the variable regions flanking them like wt PKD1-GFP, PKD(2ϫC1A)-GFP translocates reversibly to the plasma membrane in response to re-PKD1 Interaction with G␣q* Stabilizes PKD1 at the Plasma Membrane ceptor stimulation ( Figure 4D ). PKD(2ϫC1A)-GFP translocation is complete, but the time course of the transloOnce translocated by DAG to the plasma membrane, PKD1 remains associated with the membrane for hours. cation is faster than that for wt PKD1-GFP (t 1/2 ϭ 12.2 Ϯ 3.7 s). Taken together, these results confirm the tarOne potential mechanism for locking PKD1 into its membrane-associated state is by binding to a plasma memgeting role of C1A and suggest that the C1B domain is required for persistent translocation of PKD1 to the brane protein. In early studies we noticed that cotransfection of PKD1-GFP with the constitutively active form plasma membrane. showed that an N-terminal HA tag did not interfere with PKC␥ and PKC localization, but neither was altered under these conditions ( Figure 5A ).
G␣q activation of PLC (Qian et al., 1993). We tested whether the N-terminal HA-tagged G␣q* was capable PKD1's cellular localization induced by G␣q* was quantitated as the fraction of the total PKD1-GFP fluoof localizing PKD1-GFP to the plasma membrane. As shown in Figure 6B , the HA tag did not interfere with rescence localized at the plasma membrane compared with that localized at the cytoplasm (R ϭ F mem /F cyt ; Figure the ability of G␣q* to localize PKD1-GFP to the plasma membrane. Furthermore, PKD1-GFP's cellular distribu-5B). In the absence of G␣q*, PKD1-GFP was mainly cytosolic (R ϭ 0.001 Ϯ 0.09) but became almost entirely tion was not changed by HA tagging of the inactive G␣q. The interaction between PKD1-GFP and HA-G␣q* was plasma membrane-localized in G␣q*-expressing cells (R ϭ 0.78 Ϯ 0.07). For controls, PKD1 membrane localevaluated by immunoprecipitating PKD1-GFP from HEK cells expressing both proteins and testing for the presization was also measured in cells expressing inactive G␣q, G␤␥ (which can generate DAG only in the presence ence of HA-G␣q* ( Figure 6C ). HA-G␣q* also coimmunoprecipitated with the C1B-containing fragment of PKD1 of PLC␤2), or constitutively active G␣i (G␣i*) or G␣13 (G␣13*) subunits. As shown in Figure 5C , PKD1-GFP ( Figure 4B) , suggesting that the C1B domain is not only necessary, but also sufficient, for the PKD1-G␣q* intertranslocation to the membrane was only correlated with G␣q* cotransfection. The lack of PKC␥ or PKC transloaction. The interaction between PKD1 and G␣q* was also cation in the presence of G␣q*, combined with the strong association between G␣q* (but not G␤␥) expression and tested in rat primary cardiac fibroblasts, since high levels of both PKD1 and G␣q are expressed endogenously PKD1 plasma membrane localization, raises the possibility that PKD1 and G␣q* directly interact.
( Figure 6D ). In these fibroblasts G␣q coimmunoprecipitated with a PKD1-specific antibody ( Figure 6D, lane3) , To determine the domains of PKD1 that are important for G␣q*-induced PKD1 membrane localization, we but not with a PKC␤I-specific antibody (data not shown). These results show that both expressed and endogetested various GFP-tagged PKD1 truncation mutants cotransfected with G␣q* (Figure 5D ). In order to preserve nous G␣q* and PKD1 directly interact. The length of time that G␣q spends in the GTP-bound the tertiary structure of the protein, we deleted either the N-or C-terminal PKD1 domains, but not intramolecular state controls the activity of PLC␤, in turn determining the amount of DAG produced. PKD1 itself could modudomains. In the absence of the catalytic domain, the localization of PKD1 was not significantly changed (R ϭ late the GTPase activity of G␣q. To address this question, we determined whether expression of PKD1 af-0.74 Ϯ 0.13, n ϭ 13) compared with that of wt PKD1 (R ϭ 0.78 Ϯ 0.07, n ϭ 17). Furthermore, removal of the fected the time course of DAG production in response to receptor activation. Relative changes in single-cell PH domain from the regulatory domain did not alter the distribution of the protein (R ϭ 0.7 Ϯ 0.09, n ϭ 14). DAG levels were estimated from the translocation of the C1A domain of PKC␥ (␥C1A-GFP) in response to However, removal of the entire V1 domain significantly reduced the R value (0.45 Ϯ 0.12, n ϭ 27), and this effect receptor activation ( Figure 7A ). The translocation time course of ␥C1A-GFP to the plasma membrane has been was not dependent on the presence or absence of the shown to be closely correlated with the accumulation catalytic domain (R ϭ 0.48 Ϯ 0.13, n ϭ 19). Removal of of DAG in the plasma membrane (Oancea et al., 1998). the C1B domain also significantly decreased membrane When HM1 cells were transfected with ␥C1A-GFP alone localization (R ϭ 0.15 Ϯ 0.09, n ϭ 10). These results or with ␥C1A-GFP and PKD-dSRed2 and stimulated with suggest that the V1 domain together with the C1B docarbachol, the presence of PKD-dSRed2 did not signifimain mediated the plasma membrane localization of cantly change the amplitude and time course of the PKD1 in the presence of G␣q*. The involvement of C1B in ␥C1A-GFP response to carbachol in the absence of persistent plasma membrane localization is consistent PKD1 (t 1/2 ϭ 157.9 Ϯ 40.7 s; t 1/2 ϭ 136.1 Ϯ 34.6 s in the with the results in Figure 4 . We conclude that C1B, which presence of PKD). This suggests that PKD1 is not likely partially, but irreversibly, translocates to the plasma to modulate the GTP-bound state of G␣q. However, a membrane, is capable of stabilizing PKD1 at the plasma direct test for PKD1 modulation of the GTPase activity membrane.
of G␣q requires both purified G␣q and PKD1 proteins. We next sought to determine the activation state of Because of PKD1's large molecular size and poor solu-PKD1-GFP in the presence of the inactive or the constibility, we could not obtain sufficient purified PKD1 protutively active form of G␣q. PKD1-GFP coexpressed tein to directly test this possibility. with G␣q or G␣q* was immunoprecipitated from HM1 cells with a GFP-specific antibody and then probed either with an anti-GFP antibody or anti-phospho PKD1 PKD1 Decodes Different Frequencies of Hormonal Stimuli (Ser916) antibody ( Figure 6A) . A much higher fraction of PKD1-GFP was active upon PKD1-GFP constitutive The results described above were obtained for persistent hormonal stimulation. However, in many physiologitranslocation to the plasma membrane in the presence of G␣q* than in the presence of G␣q. These results cal systems, hormonal stimulation occurs in short and periodic pulses. The frequency as well as the duration suggest that G␣q* is sufficient for PKD1 translocation to the plasma membrane and activation. of the pulses can determine the specificity of the cellular response. Hence, we sought to determine how PKD1 The interaction between PKD1 and G␣q* was directly tested by coimmunoprecipitation (Figures 6B-6D) . First, responds to stimuli of different frequencies. First, we analyzed the response of PKD1-GFP to a 60 s carbachol a GFP-specific antibody immunoprecipitated PKD1-GFP, while an anti-HA antibody immunoprecipitated HApulse applied to HM1 cells ( Figure 7B ). The plasma membrane translocation of PKD1-GFP was compared with G␣q*. Although both the N and the C termini of G␣q* The time course for PKD1 translocation and activation in response to a short hormonal stimulus predicts that ␥C1A-GFP translocation was fast and completely reversible within 200 s (t 1/2 ϭ 77.0 Ϯ 10.9 s), the transloca-PKD1 will respond differently to periodic stimuli that occur at intervals shorter than 1000 s than to stimuli that occur tion of PKD1-GFP was slow and reversed to baseline only after 1000 s (t 1/2 ϭ 439.8 Ϯ 109.8 s). A similar time at longer time intervals. To test this prediction, we measured PKD1's translocation response to 30 s-long carcourse was obtained for PKD1 activation measured with the phospho-PKD1-specific antibody after a carbachol bachol pulses at 400 s intervals ( Figure 7C, left panel) . Each pulse evoked a submaximal PKD1 response. Repulse (data not shown). This suggests that translocation to the plasma membrane and activation of PKD1 are covery was minimal during the 400 s interpulse interval, resulting in a cumulative response. For the same pulse closely related. protocol (data not shown), PKD1-GFP responded maximally and fully recovered between carbachol pulses. PKD1 has a uniquely long residence at the plasma membrane as a result of being "handed off" from DAG to G␣q*. Stimuli that occur at time intervals shorter than 1000 s are integrated in the PKD1 response, while lowerfrequency pulses elicit the same PKD1 response as an independent pulse. The range of stimulation intervals that can be decoded by PKD1 is dramatically different from members of the PKC family. PKD1 stabilization at the plasma membrane by G␣q converts a short and transient DAG signal into prolonged PKD1 activation.
Kinetic Model for PKD1 Signal Transduction
The results described above can be incorporated into a three-state model for PKD1 signal transduction ( Figure  8A ). The three observable states are: cytosolic (inactive) PKD1, DAG-bound PKD1, and G␣q*-bound PKD1. The first state is the equilibrium state in the absence of receptor activation: PKD1 is cytosolic and catalytically inactive. As DAG is produced by hydrolysis of PIP 2 , PKD1 is bound and translocated to the membrane. This step probably involves rearrangement of the C1 domains, the time course of which we cannot observe. Once at the plasma membrane, PKD1 binds G␣q*. Although DAG levels may subsequently change, PKD1 is locked into its activated state by its association with active G␣q.
From our experimental data we can determine the rates for the transitions that involve a translocation from cytosol to plasma membrane or vice versa. From the We have shown that translocation of PKD1 from the cytosol to the cell membrane and subsequent activation translates short-lived G␣q activation into a prolonged cellular signal. The unique structure of PKD1 distinprotocol, the translocation of the ␥C1A-GFP was maximal and fully recovered between pulses (data not guishes its kinetics from other DAG-translocated PKC enzymes; the C1A domain enables fast, maximal, and shown). When 60 s-long carbachol pulses were used at 1000 s intervals, the response of PKD1 was markedly reversible translocation, while the slow reversibility of the translocation is effected by PKD1's N-terminal varidifferent ( Figure 7C, right panel) . While ␥C1A-GFP showed the same type of response as for the previous able domain (V1) and C1B domains directly binding to Cell 104, 409-420.
Liscovitch, M. (1992). Crosstalk among multiple signal-activated

